beled the visual word form area (VWFA; Talairach coordinates [TCs] [x, y, z] approximately, Ϫ42,Ϫ57,Ϫ15). However, the VWFA is also engaged by images of objects (Booth et al., 2002; Devlin et al., 2002; Moore & Price, 1999; Murtha, Chertkow, Beauregard, & Evans, 1999) , which may not be surprising given its proximity to (and sometimes overlap with) the lateral occipital complex, an area defined as responding more to intact images of objects than to other visual stimuli (Malach et al., 1995) . In addition, although the VWFA does not differentiate between pseudowords and words (Hagoort et al., 1999) , it responds more to pseudowords than to consonant strings or "poorly constructed" pseudowords (McCandliss, Cohen, & Dehaene, 2003) . Therefore, the VWFA is thought to be involved in processing word-like stimuli, but its specific role remains controversial (for hypotheses, see Jobard, Crivello, & Tzourio-Mazoyer, 2003; McCandliss et al., 2003; Price, 2000) .
For our purposes, one important limitation of the reading neuroimaging literature is that studies rarely include comparisons between letter strings and nonletter controls. However, these comparisons are crucial for understanding early visual processing of print. In one of the first studies to compare letter strings with nonletter stimuli (Puce, Allison, Asgari, Gore, & McCarthy, 1996) , letter strings were compared with faces and textures, and an area (overlapping with the VWFA) selective for letter strings in the left occipitotemporal region was found (TCs Ϫ40,Ϫ66,Ϫ17). In more recent studies, letter-stringsensitive regions that lie anterior and medial to the VWFA have been reported when letter strings are contrasted with digit strings (Polk & Farah, 1998; . In these studies, the location of the region that responded more to letter strings than to digit strings was highly variable among individuals (TC ranges: x, Ϫ34 to Ϫ51; y, Ϫ19 to Ϫ67; z, 3 to Ϫ16). Other work has suggested a more posterior locus of activation for letter strings (TCs Ϫ38,Ϫ90,Ϫ2; Hasson, Levy, Behrmann, Hendler, & Malach, 2002; Tagamets, Novick, Chalmers, & Friedman, 2000) . When faces were used as a baseline for letter strings, activation appeared posterior and ventral to the VWFA (TCs Ϫ37,Ϫ71,Ϫ22; Puce et al., 1996) . Therefore, the location of a letter-string-sensitive area seems to be affected by the control category used: In comparison with activation for digit strings, that for letter strings was more anterior; when shapes or faces were used, the activation was more posterior. Although it is difficult to localize activation very precisely using magnetoencephalography, researchers using this technique also found evidence that a left inferior temporal region responds more to letter strings than to symbol strings (Tarkiainen, Helenius, Hansen, Cornelissen, & Salmelin, 1999) .
Our primary interest here is whether or not there is neural specialization for the perception of single letters. We initially learn letters in isolated form, but as adults we see them most frequently in the context of a word. Do we retain some neural specialization for the parts (letters) of the stimuli to which we are continually exposed (words)? To address this question, we must first consider which perceptual units we encode when reading. Intuitively, it seems that we would process the individual letters that make up a word, but some have argued that this is not the case. At very brief exposure durations, accuracy is poorer for single letters than for letters embedded in frequent words, an oft-cited finding referred to as the word superiority effect (Johnston & McClelland, 1974; Reicher, 1969; Wheeler, 1970) . After a brief exposure, observers can report several words but only about four letters (Cattell, 1886) , and people will read a word correctly even if it is missing letters or if its letters are distorted (Pillsbury, 1897) . Such findings have led to the idea that perhaps whole words are the perceptual units used when reading (see, e.g., McClelland, 1977; Monk & Hulme, 1983) . That is, common words may not be broken into smaller units. However, one argument against the notion that words can be read as wholes is that pseudowords (i.e., pronounceable nonwords) can be read faster than (unpronounceable) consonant strings. This implies that we can detect orthographic regularity, which requires breaking a word down into parts (Mewhort, 1974) . In addition, some pseudowords can be read as fast as real words, suggesting that the word form of familiar words, if stored, does not speed up recognition (Baron & Thurstone, 1973) . These findings do not necessarily imply that each letter is processed; words may be broken down into two-or three-letter units or syllables. However, there is recent empirical evidence that each individual letter is processed as a word is read (Pelli, Farell, & Moore, 2003) . Using a word identification paradigm in which words are presented in Gaussian noise, Pelli et al. have shown that word identification efficiency is inversely proportional to word length. That is, individual letters must be identifiable in order for the word to be readable, and this holds true for even the most common three-letter words. In addition, the word superiority effect that initiated the modern idea of whole-word reading is seen only under special viewing conditions-that is, only when a backward pattern mask is used. Under normal viewing conditions, letters presented in isolation are identified faster than letters embedded in words (Johnston & McClelland, 1974) . Thus, although psychologists still debate about the conditions under which words are processed via letter identification, whether or not the differential processing of letters and words is reflected in the visual system has not been addressed directly.
Single letters have been used as stimuli in only a few neuroimaging studies. In one study, a lateral occipital region was found that showed adaptation upon repeated presentation of letters, but not upon repeated presentation of faces . Adaptation is often considered a strong test of a region's selectivity (Grill-Spector et al., 1999) . This region was just lateral to the midfusiform gyrus (bilaterally; TCs 53,Ϫ62,3). In three additional f MRI studies, single letters were compared to objects or symbols. Joseph, Gathers, and Piper (2003) found common letter and object activity as well as a trend toward a letter-specific area, both in the left fusiform gyrus. Flowers et al. (2004) found left occipital gyrus activation (BA 37) for letters over symbols and colors. In their study, attention to letters, symbols, and colors was manipulated, whereas visual activation to letters was not of primary concern. In a third study, Longcamp, Anton, Roth, and Velay (2003) found letter-sensitive regions in the precentral gyrus, left fusiform, and medial occipital regions. Thus, although only a few studies have been devoted to this question, there is some converging evidence that regions in the fusiform gyrus support the processing of isolated letters. However, with one exception (Longcamp et al., 2003) , these studies do not compare letters directly to visually similar control items such as other types of characters, making it difficult to claim the area shows selectivity for letters.
Therefore, questions remain as to how and where letters are processed in the brain. It is possible that they are processed in the same regions of the brain as words and strings of letters. After all, letters are the parts from which words are constructed, and word processing has been thought to be part based (Farah, 1990) . However, isolated letters may themselves be objects of expertise that do not elicit complex linguistic processing, and in that sense could be processed in similar regions as other objects of expertise. Although both letters and faces are objects on which we are experts, we would expect neural specialization for letters to differ from that observed for faces. According to the process-map hypothesis (Gauthier, 2000) , the ventral occipital and temporal cortices are organized according to the type of processing that is performed on a stimulus. The visual processing that a given object requires may be determined by the recognition goals for that type of stimulus, combined with the information in the stimulus that can support this recognition goal. There are important differences between face expertise and letter expertise. Expertise in face recognition necessitates individuation of visually homogenous objects. Expertise in letter recognition requires inclusion of different objects in the same category (e.g., letters of different sizes or fonts; Wong & Gauthier, 2002 ). An analysis of small differences would not be necessary for categorizing a letter, and although they may be analyzed (see van Leeuwen & Lachmann, 2004) , fine details do not define a letter's identity (Sanocki, Bowyer, Heath, & Sarkar, 1998) . Therefore, in general, global shape differences could be used to distinguish quickly among letters. For our present purposes, these are examples of differences that distinguish letter expertise from other types of object expertise that have been studied until now, and they suggest that letter expertise would engage a different neural substrate than face, car, or bird expertise. The question remains, however, as to whether isolated letters engage the same brain areas as words, pseudowords, or nonword letter strings.
In the present experiment, in addition to looking at specialization for single letters in the visual system, we also investigated the similarities and differences between the processing of character strings and that of single characters. We have included strings of characters and pseudowords so that we can compare our results with those of previous work on letter-string processing. Evidence to date has suggested that the left fusiform gyrus is involved in processing print stimuli, including letter strings Puce et al., 1996; Tagamets et al., 2000) , pseudowords, words (Cohen et al., 2000) , and possibly isolated letters (Joseph et al., 2003; Longcamp et al., 2003) . Our results add to this research in several ways. First, we replicate previous work and show a putative VWFA that responds more to pseudowords than to letter strings. Second, we find an area posterior to the VWFA in the left fusiform gyrus that is selective for Roman letter strings over digit strings and Chinese character strings. These two areas are so near one another that they may be confused in cross-study comparisons, but they show dissociable patterns of response. Third, we find a more anterior area in the left fusiform gyrus that responds selectively to single Roman letters rather than single digits or Chinese characters. Most surprisingly, the area showing selectivity for strings is not selective for single characters, and vice versa. Moreover, a certain degree of selectivity for single letters appears to be more diffuse and distributed throughout the left fusiform gyrus, whereas selectivity for strings is more focal. These findings are supported by convergent ROI analyses and patterns of individual activation.
METHOD Subjects
The subjects (4 females and 4 males) were graduate students or research assistants in the psychology department at Vanderbilt University. All gave informed consent according to the guidelines of the institutional review board of the Vanderbilt University Medical Center and were paid for their participation. All of the subjects were right-handed and reported normal or corrected-to-normal visual acuity and no history of neurological disorders. Their ages ranged from 20 to 42 years, with a median age of 25 years.
Stimuli and Tasks
All testing was conducted using Macintosh computers and RSVP software (www.cog.brown.edu/~tarr/RSVP). The stimuli were presented on two small LCD screens mounted within a VisuaStim XGA goggle system (MRI Devices, www.mrivideo.com) that was worn by the subject inside the scanner. The virtual sizes of the screens were 76.2 ϫ 57.2 cm, and the screens were viewed from a virtual distance of 120 cm. The sizes of each stimulus type are provided below.
The subjects were required to perform a 1-back sequential matching task. There were seven different stimulus types that were presented in various fonts: single Roman letters, digits, single Chinese characters, Roman letter strings, digit strings, Chinese character strings, and pseudowords. When the stimuli were single characters, the 1-back task was simply to match two sequentially presented images (same character, same font). During the strings blocks, the subjects performed the same 1-back task but only on the central character in the string (see Figure 1 ). The single characters and the central character of each string were underscored. No response was required on a nonmatch trial. The ratio of match to nonmatch trials was approximately 1:8.
The single characters were in the center of the screen with their locations varying from trial to trial by about one half of a degree of visual angle around the center of the screen ( jitter). The jitter was small enough that the central stimulus did not extend outside of foveal vision. The seven-character letter strings were constructed of seven of eight potential consonants presented in uppercase (H, L, S, R, G, P, C, and Q) that were chosen in accordance with Polk et al.'s (2002) criteria for equating visual similarity between letter strings and digit strings. No consonant was repeated within a single string. These eight consonants were used in the single-letter condition as well, but were presented in lowercase. We chose to present the single characters in lowercase to replicate experimental results from our lab (Wong, Jobard, James, James, & Gauthier, 2005) . The stroke counts of the digit strings were equated with those of the letter strings as much as possible and included the digits 2-9. We equated the visual complexity of the Chinese characters with that of the Roman letters as much as possible by using only simple characters (maximum four strokes). For each string, we used seven of a total of eight Chinese characters.
The single-character and string stimuli were presented in separate runs. Each stimulus was presented for 825 msec, followed by a 175-msec pause. There were 16 stimulus presentations per block, resulting in 16-sec blocks. Each block was followed by a 10-sec fixation cross. There were 3 blocks for each stimulus type, resulting in a total of 9 blocks within a given single-character run and 12 blocks in the character-string runs. Blocks were pseudorandomized within each run, and trials were randomized within each block. Each single-character run was 4 min long, and each string run was 5 min long. Three runs of each stimulus type were presented.
Imaging Parameters and Analysis
Imaging was performed using a 3-Tesla, whole-body GE MRI system and birdcage head coil located at the Vanderbilt Medical Center. The field of view was 24 ϫ 24 ϫ 14 cm, with an in-plane resolution of 64 ϫ 64 pixels and 20 contiguous oblique coronal scan planes per volume (whole brain), resulting in a voxel size of 3.75 ϫ 3.75 ϫ 7.0 mm. Images were collected using a T2*-weighted EPI acquisition (TE ϭ 25 msec, TR ϭ 2,000 msec, flip angle ϭ 70º) for blood oxygen-level dependent (BOLD)-based imaging (Ogawa et al., 1993) . High-resolution T1-weighted anatomical volumes were also acquired using a 3-D fast spoiled grass acquisition (TI ϭ 400 msec, TE ϭ 4.18 msec, TR ϭ 10 msec, flip angle ϭ 20º).
The functional data were analyzed using the Brain Voyager (www .brainvoyager.com) multistudy general linear model (GLM) procedure and in-house programs written in MATLAB (www.mathworks .com). A GLM analysis allows for the correlation of predictor variables or functions with the recorded activation data (criterion variables) across scanning sessions. The predictor functions are based on the blocked stimulus presentation paradigm of the particular run being analyzed and represent an estimate of the predicted hemodynamic response during that run. To properly model the hemodynamic response, the predictors are represented as the stimulus protocol boxcar functions convolved with the appropriate gamma function (Δ ϭ 2.5, τ ϭ 1.25) estimate of a typical hemodynamic response (Boynton, Engel, Glover, & Heeger, 1996) . Group activation was considered to be above threshold if it met the following criteria in our random effects analysis: (1) significant at p Ͻ .001, uncorrected with a cluster threshold of 10 contiguous 3-mm isometric voxels, and (2) peak activity within a cluster at p Ͻ .0001,
Figure 1. Examples of (A) single characters, (B) strings of characters, and (C)
pseudowords used in the experiment. On each trial, subjects had to decide whether or not the character on the screen matched the character that preceded it (1-back task). A response was required only on match trials (a go-no-go task). In the case of the character strings, the subjects matched only the underscored, central character. The Roman letters used were H, L, S, R, G, P, C, and Q; the digits were 2-9; and eight simple (four-stroke maximum) Chinese characters were presented for both the single and the string runs. Pseudowords also included the vowels A, E, and U. We attempted to avoid presenting common letter combinations within the pseudowords. The single characters subtended approximately 2.3º ؋ 2.3º of visual angle; the strings subtended 1.5º ؋ 5.7º of visual angle.
uncorrected. Note that the maps are thresholded at p Ͻ .001. For individual analyses, activation was considered significant at p Ͻ .006, corrected using the false discovery rate (FDR) method, which controls for the expected proportion of false positive voxels among those that are suprathreshold (Genovese, Lazar, & Nichols, 2002) . A cluster threshold of 10 contiguous isometric 3-mm voxels was also applied.
RESULTS

Behavioral Results
The subjects performed a 1-back matching task on single characters and on strings of characters (see the Method section for a more detailed description). The matching task was designed to be quite easy, and for this reason we did not expect differences in performance between conditions. Because accuracy of performance in letter recognition tasks has been shown to affect signal strength in f MRI (Garrett et al., 2000) , it was important to ensure low variance in response accuracy among subjects and across tasks. Performance was at ceiling in all tasks except the 1-back matching task with Chinese character strings. The subjects tended to make more false alarms in this condition, but the difference in performance in comparison with that in all other conditions was not significant [F(3,7) ϭ 1.65]. Additional behav-ioral results from 18 subjects tested outside of the scanner, with a response required for each stimulus rather than as in a go-no-go task, also showed that performance on a 1-back task with Chinese characters was poorer than performance on the same type of task with Roman letters or digits (Figure 2; see Table 1) . A paired t test revealed no significant difference between letter strings and pseudowords; therefore, the behavioral data for these two stimuli were combined in further analyses. A stimulus category (Roman vs. Chinese vs. digits) ϫ stimulus length (isolated character vs. character strings) ANOVA yielded significant effects of stimulus category on accuracy [F(2,34) ϭ 8.02, p ϭ .001] and reaction time [F(2,34) ϭ 11.58, p Ͻ .001], the Chinese character conditions leading to significantly lower accuracies and longer reaction times than did the Roman letter and digit conditions. (A post hoc Bonferroni test for accuracy yielded p Ͻ .01 for Roman letters and p Ͻ .05 for digits; for reaction times, it yielded p Ͻ .01 for Roman letters and p Ͻ .01 for digits.) Although the effect of stimulus length on accuracy failed to reach significance [F(1,17) ϭ 2.07, p ϭ .17], the subjects required more time to complete the 1-back task on strings than on single characters [F(1,17) ϭ 59.21, p Ͻ .001]. This was the case even though the subjects needed to attend only to a single, clearly marked letter in the string Behavioral results from the 1-back task outside the scanner with a target stimulus (Roman letters, digits, Chinese characters, and pseudowords) presented either in isolation or in strings. Error bars represent pooled standard errors. Performance at matching Chinese characters was less accurate and took longer than performance with letters and digits. Letters presented in isolation led to faster responses than did strings, independent of stimulus category.
task. However, the lack of an interaction between stimulus type and length for the accuracy scores [F(2,34) ϭ 2.02, p ϭ .15] or reaction times [F(2,34) ϭ 0.20, p ϭ .82] indicates that the increase in difficulty for strings was equivalent for each condition.
Imaging Results
The imaging data were analyzed using the Brain Voyager multistudy GLM procedure. Statistical parametric maps (SPMs) were calculated in a group analysis of all 8 subjects with a random-effects model.
Group Analyses
SPMs. We first localized the standard VWFA using the contrast of pseudowords to consonant strings (Dehaene et al., 2002) . This area was found in its typical location [peak t(7) ϭ 6.08, p Ͻ .0001, uncorrected; TCs Ϫ46,Ϫ54,Ϫ7; see Figure 3A ].
To find brain regions involved in processing single characters, we contrasted neural activation for Roman letters with that obtained for digits and for Chinese characters (letters-digits and letters-Chinese characters; Figure 3B ). The only activation in the occipitotemporal cortex that resulted from this contrast was in the left anterior fusiform gyrus [peak t(7) ϭ 7.06, p Ͻ .0001; TCs Ϫ42,Ϫ37,Ϫ3]. Two other regions were active: an area in the inferior parietal lobe (TCs Ϫ40,Ϫ21,56) and an area in the ventral prefrontal cortex (TCs Ϫ50,1,17). Both of these regions have been implicated in the phonetic and semantic processes associated with word perception (for a review, see Jobard et al., 2003) . Because these are not usually associated with visual processing, a further analysis of these areas was not warranted here.
Similarly, we contrasted the BOLD response for Roman letter strings with that for digit strings and Chinese character strings ( Figure 3C ). We found one area of significant activation in the ventral occipitotemporal cortex, again on the left fusiform gyrus but posterior to the area that showed specialization for single-letter processing [peak t(7) ϭ 6.19, p Ͻ .0001; TCs Ϫ31,Ϫ64,Ϫ5].
Additional information concerning the degree of specialization within these three areas was obtained by plotting the subjects' responses in the conditions that were not used to define them (see the graphs in Figure 3 ). In the VWFA, we observed no difference between letter strings and digit strings [t(7) ϭ 0.83] and a trend toward a difference between single letters and digits [t(7) ϭ 2.97, p Ͻ .05, Bonferroni corrected], but no difference between letters and Chinese characters [t(7) ϭ 0.56]. In the region defined by its selectivity for single Roman characters, we found no significant difference among our string conditions ( Figure 3B ). When we compared the activation to single characters within the area defined by its selectivity for Roman letter strings, we found no difference between letters and digits [t(7) ϭ 2.01, n.s. with correction] but greater activation to letters than to Chinese characters [t(7) ϭ 5.29, p Ͻ .001, Bonferroni corrected; see Figure 3C and Table 2 for descriptive statistics]. Possible explanations for this may be the stronger familiarity of letters and digits, and the greater difficulty of the task with Chinese characters.
These group analyses are especially useful in comparing our results with those of prior studies in which data was analyzed in the same manner (e.g., Cohen et al., 2000; Dehaene et al., 2002) . Specifically, not being localized within the same study, the VWFA and the area that we find is selective for letter strings may be mistaken for the same region because they are relatively close. Our ability to localize the VWFA is important because it shows that this area can be engaged in a task that required selective attention to only one letter of the string, and it also allows for a spatial reference to compare with our other findings.
The finding of two areas that responded preferentially to either single Roman letters or strings of Roman letters, in comparison with digit and Chinese character controls, suggests specialization that cannot be explained by simple shape differences such as those between letter strings and complex stimuli (e.g., faces or textures used in other studies; see Hasson et al., 2002; Puce et al., 1996) .
We do not believe that the different activation patterns that we see between single-letter stimuli and strings are due to case differences in the two types of stimuli. For this to be true, one would have to posit that uppercase single letters would not activate the same region as efficiently as the lowercase letters that we used. There is no reason to believe that this would be the case, given that we have localized the same anterior fusiform area in two other experiments in which we used uppercase letters James et al., 2004) . Also, several studies (e.g., Dehaene et al., 2004; Dehaene et al., 2001; have been conducted to investigate case invariance using f MRI and converge to suggest that the representation in the left fusiform gyrus is invariant to case. This is not merely a null finding, because Dehaene et al. (2002) identified areas in right extrastriate cortex (and, marginally significant, in the corresponding area on the left) that showed case-dependent priming. Thus, the literature suggests that if there is a case effect, it should be found mainly in the right hemisphere and posterior to the VWFA. In contrast, our strongest interaction between single letters and strings is found in an area that is clearly anterior to the VWFA. In- deed, there is quite a bit of convergence, suggesting that representations become progressively more abstract as one moves anteriorly in the left fusiform gyrus.
Moreover, it is interesting that the single-letter area did not show specialization for letter strings even though the strings were composed of the same characters that Pseudowords -letter strings: peak t(7) = 6.80, p < .0001. TC: -46,-54,-7 (VWFA overlap). The contrast pseudowords minus letter strings [t(7) ‫؍‬ 4.80, p Ͻ .001; peak t(7) ‫؍‬ 6.80, p Ͻ .0001]. Peak activation was ؊46,؊54,؊7. The more lateral region peaked at ؊55,؊60,؊7. Both regions were relatively small, but they passed a contiguity filter of ten 3-mm isometric voxels. In the medial region, activation ranged as follows: (x) ؊45 to ؊47, (y) ؊52 to ؊56, and (z) ؊6 to ؊9; in the lateral area, ranges of activation were (x) ؊54 to ؊58, (y) ؊58 to ؊62, and (z) ؊6 to ؊9. (B) The conjunctions of single Roman characters versus Chinese characters and of Roman characters versus digits [t(7) ‫؍‬ 4.80, p Ͻ .001; peak t(7) ‫؍‬ 7.06, p Ͻ .0001]. The Talairach coordinates for peak activation were ؊42,؊37,؊3. The activation ranged from (x) ؊39 to ؊45, (y) ؊32 to ؊40, and (z) 4 to ؊6. (C) The conjunctions of Roman letter strings versus Chinese character strings and letter strings versus digit strings [t(7) ‫؍‬ 4.80, p Ͻ .001; peak t(7) ‫؍‬ 6.19, p Ͻ .0001]. Peak activation for (C) was ؊31,؊64,؊5; activation ranged from (x) ؊29 to ؊34, (y) ؊59 to ؊70, and (z) 0 to ؊7. Graphs represent percent signal change for each condition within the areas of high activation shown in the SPMs. Bars with diagonal lines represent the conditions used to produce the SPMs. Error bars represent standard error of the between-subjects mean for each condition; therefore, they do not reflect significance. Means and standard errors for all conditions are reported in Table 2. were presented in isolation. One possibility is that we did not replicate selectivity in this region because of regression to the mean. That is, if there is no true specialization for Roman letter stimuli, it may be possible to find statistically significant voxels by accident, but this would be unlikely to be replicated in a second condition (thereby artificially suggesting a double dissociation). This appears unlikely because in both cases the selectivity was found in the left fusiform gyrus, as could be expected from the literature. Nonetheless, to address this possibility further, we compared the responses to all of our conditions in more neutral regions of interest, defined on the basis of coordinates reported in prior studies.
ROI analysis. To define the ROIs, we calculated the range of individual subject activation in . We chose to select our ROIs on the basis of Polk's results for several reasons: First, they used digit strings as a control condition and found specialization for letter strings over digit strings. Second, we modeled our string stimuli after theirs, using the same digits and letters. Third, in one of their experiments, they used a 1-back matching task similar to ours. Here, we ask whether any part of the left fusiform gyrus is specialized for letters or letter strings as opposed to unfamiliar nonletter shapes of comparable complexity (e.g., Chinese characters).
After calculating the limits of a large ROI on the basis of the range of the subjects' activation in Polk et al.'s (2002) experiments, we split the region into four smaller, equalsized ROIs of 10 ϫ 10 mm 3 , each along the posterioranterior axis (see Figure 4 ). We also replicated these ROIs in the right hemisphere for comparison. We split this region along the posterior-anterior axis because previous studies have shown differences in response properties of anterior versus middle versus posterior regions of the left fusiform gyrus (see Dehaene et al., 2004) . We then calculated percent signal change for each condition relative to fixation baseline and first performed an ANOVA on all conditions in each hemisphere (for means and standard errors, see Table 2 ). A 2 (length: single vs. strings) ϫ 4 (ROI) ϫ 3 (stimulus: letters vs. digits vs. Chinese characters) ANOVA was first conducted in the right hemisphere, where most prior studies failed to find much selectivity for letter strings. An effect of ROI surfaced [F(3,18) ϭ 18.65, p Ͻ .0001]: Activation increased as ROI was more posterior, and this effect was also seen in the left hemisphere (below). In addition, there was an ROI ϫ length ϫ character interaction [F(3,36) ϭ 2.4, p Ͻ .05], which was due to differences in activation to Chinese characters. In the most posterior ROI, single Chinese characters elicited less activation than did letters and digits, whereas Chinese strings in this region resulted in higher activation. However, neither of these simple effects reached significance. In the left hemisphere, an ANOVA revealed a significant length ϫ character interaction [F(2,12) ϭ 4.05, p Ͻ .05]. In addition, the main effect of ROI was significant [F(3,18) ϭ 29.01, p Ͻ .0001]: The more posterior the ROI, the greater was the overall activation (see Figure 4 ). We followed up with two more ANOVAs in the left hemisphere, one for single characters (4 ϫ 3) and one for strings (4 ϫ 4), in order to include the pseudowords condition as a variable. The ANOVA on single characters showed main effects of both ROI [F(3,18) ϭ 19.99, p Ͻ .0001] and character [F(2,12) ϭ 4.3, p Ͻ .03]. As ROI became more posterior, activation increased (see Figure 4 ), but, more importantly, simple effects revealed that significantly more activation occurred for letters than for Chinese characters overall [t(31) ϭ 4.57, p Ͻ .001] and more activation occurred for letters than for digits overall [t(31) ϭ 3.30, p Ͻ .01]. The ANOVA on strings led to a main effect of ROI only [F(3,18) ϭ 36.89, p Ͻ .0001]. Again, percent signal change increased as the ROI position moved posterior (see Figure 4 ). This analysis demonstrates an interesting difference between selectivity for single letters and selectivity for digits when presented alone or in strings. A very large expanse of cortex in the left fusiform gyrus responds more to letters and digits than to Chinese characters when they are presented alone, but not when they are shown in strings. This suggests a particularly distributed representation of letters (Ishai, Ungerleider, Martin, Schouten, & Haxby, 1999) as well as higher order processing of consonant strings, which leads them to be processed as "more than letters." The ROI analysis is also consistent with the SPM analysis in terms of the selectivity for single letters over both digits and Chinese characters in anterior fusiform gyrus. However, although the VWFA and the area found to be selective for strings overlap to some extent with some of the four ROIs, se- lectivity at the string level was not observed. This suggests a less distributed pattern of activity for strings, in which small foci of selectivity may be overpowered by nonselective voxels in these large ROIs. This is also consistent with prior work showing considerable individual differences in the location of small foci of activity for letter strings . In that study, the letterstring areas found in individual subjects did not overlap sufficiently across individuals to emerge in a group composite. To further explore this issue, we conducted individual analyses similar to those performed by Polk et al.
to investigate the pattern of functional specialization for strings and single letters in individual subjects. suggested that the large individual variability in the spatial location of letter-string-selective areas was due to individual differences in neural development, because processing letters is not an innate skill. However, we found regions within the ventral processing stream that responded more to single Roman characters than to control stimuli, even though these are unlikely to engage an innate skill. Another explanation may reside in different strategies used by different subjects when processing strings. For example, some may scan the whole string whereas others may fixate on the center; some may relate the string to words they know, and others may Table 2. not. In contrast, there may be fewer processing strategies available for single characters. Figure 5 presents individual maps for the 5 (out of 8) subjects who showed significant activation to Roman letter strings relative to digit strings. These regions all fell within the left fusiform gyrus, and, as was the case with Polk et al.'s (2002) results, there was considerable variability among subjects in the location of the small foci of activation (see Table 3A for TCs).
Individual Analyses
Not only did letter strings elicit more activity than digit strings [t(4) ϭ 3.97, p Ͻ .01, Bonferroni corrected] and Chinese character strings [t(4) ϭ 4.29, p Ͻ .01], but single letters also led to a (Bonferroni-corrected) trend toward more activity than that shown for single Chinese characters [t(4) ϭ 2.16, p Ͻ .04] but not more than that shown for digits [t(4) ϭ 1.18, n.s.]. In addition, there was no difference between activation to pseudowords and activation to letter strings [t(4) ϭ 0.38, n.s.].
We also compared single letters with single digits in individuals, and in 6 subjects we found an active area that was generally more anterior and medial to the letter string area described above ( Figure 5B , Table 3B ). As in our group analyses, single letters activated this region more than did digits [t(5) ϭ 3.7, p Ͻ .01] and Chinese characters [t(5) ϭ 4.0, p Ͻ .01], whereas string stimuli did not show differential activation.
These findings support and considerably extend those obtained by Polk and his colleagues (Polk & Farah, 1998 , 2002 . First, we replicated the finding of a small area within a large region of the left fusiform gyrus that is more specialized for letter-string processing than for digit-string processing. Second, we showed that this specialization holds in a 1-back task when subjects focused on the central character of a string, as well as in the passive viewing task and full-string matching task used in the prior studies. Third, in addition to selectivity for letter strings over digit strings, we found evidence in the left fusiform gyrus of some individuals for selectivity for single letters over single digits. In each case, Chinese characters (or Chinese strings) were found to elicit no more activity in these areas than did digits in the baseline condition. Fourth, and in alignment with our other analyses, we found a certain degree of dissociation between single characters and strings. In each case, areas defined as selective for letters as opposed to digits (or letter strings as opposed to digit strings) failed to show the equivalent selectivity in the other condition.
DISCUSSION
An oft-cited misconception is that, in terms of neural activation, letters may not be an effective stimulus in comparison with words (Price & Devlin, 2003) . This conclusion is based on the fact that consonant strings do not activate the VWFA to the same extent as words do (Cohen et al., 2000; Dehaene et al., 2002) . Here, we show that individual letters are an effective stimulus for activating the ventral occipital and temporal cortices. In-spection of Figure 4 reveals how single characters elicit at least as much activity as character strings with reference to a fixation baseline, throughout a large expanse of left fusiform territory. This class of stimuli was overlooked in past research, perhaps due to the obvious relevance of letter strings to the study of reading. Neural specialization for processing letters has been demonstrated here in three ways: First, the use of group SPMs revealed the presence of a brain area that responded more to single letters than to other, visually similar stimuli, as well as that of a more posterior area that responded more to letter strings than to other string stimuli. Second, using an ROI approach, we showed that a vast expanse of the left fusiform gyrus responded more to single letters than to other single characters and character strings. Third, we replicated our group results in individuals by showing that areas in individuals that appear specialized to process letter strings rather than digit strings do not show a preference for single letters over single digits. Conversely, dissociable areas that were selective for single letters over single digits showed no preference for letter strings over other string types. A recent eventrelated potential study also demonstrated that an early waveform (N170) is of greater magnitude for single letters of a familiar writing system, whether Roman or Chinese, than for other, similar characters, such as false fonts or Chinese characters in non-Chinese readers (Wong, Gauthier, Woroch, DeBuse, & Curran, 2005) . Together, these findings stress the importance of considering single letters in future studies of the neural substrate for printed text.
Single Letters Versus Letter Strings
We found that perceiving single letters engages a large portion of the ventral visual cortex, but that most of this area is not activated more by strings of letters than other string types. Because strings are simply a group of letters, this result is somewhat counterintuitive. However, two of our three analyses also indicate that a more posterior region responded more to letter strings than to other string types. Because we found string-sensitive regions in our SPM analyses but not in our ROI analyses, it seems that the string-selective areas are just very small. The activation to strings was overshadowed in our ROI analyses, leading to reduced sensitivity to letter strings in comparison with other string types. Given that there are only a few studies in which single characters were used as stimuli, we can only speculate as to why letters and letter strings activate different regions of the visual cortex. Perhaps letter strings are processed more like words than like groups of letters (Jobard et al., 2003) . The idea that letter strings are processed similarly to words is supported by our finding that the area specialized for letter strings was located near the VWFA. In contrast, the area most sensitive to isolated letters was significantly more anterior to the VWFA. Our results nonetheless confirm that letter strings are not processed in the same way as pseudowords are, as reflected in the activity of the VWFA. Pseudowords may be influenced by phonological processing, whereas letter strings, although visually similar to words, do not benefit from such processing. Our results add to the puzzle of the VWFA by showing, on one hand, heightened activation of this area in response to pseudowords in comparison with letter strings, and on the other hand, no specialization for letter strings over digit strings or Chinese characters, even though roughly the same area ( y ϭ Ϫ55 in our ROI analysis) responded more to single Roman letters than to single digits and single Chinese characters.
These puzzles regarding the processes invoked by letter strings in the left fusiform cortex are not unique to our study. They are consistent with current controversies regarding the role of the VWFA and why this area appears to be recruited in many tasks that should not involve the processing of visual word forms Price & Devlin, 2003) . In contrast, the pattern of response to single characters in the left fusiform gyrus is one that seems much more intuitive than the pattern of response to strings. That is, our subjects had more experience with letters than with digits, and more expe- Table 3. rience with digits than with Chinese characters, and the fusiform activity reflects this pattern. These results suggest that the use of single characters may be better suited for the study of early visual processing of letters in this region. The complex pattern of response, including both comparisons with strings and comparisons with single characters, is compatible with the idea that the left fusiform gyrus is heterogeneous and may include both neurons influenced by perceptual experience and others involved in more abstract visual word form perception (McCandliss et al., 2003; . The response to single characters could reflect mainly the former, whereas the puzzling pattern of response to strings may result from the activity of the two functionally different systems. Neuroimaging methods designed to dissociate spatially overlapping neuronal populations could be used to investigate this hypothesis (Grill-Spector et al., 1999) .
Perceptual Expertise for Letters and the Process Map Hypothesis
Why would the cortex be specialized for processing letters? After all, the ability to recognize letters more efficiently than other, similar items cannot be a genetically predetermined ability. Some researchers postulate that the cortex has regions that specialize in processing certain categories of objects, such as faces (Kanwisher, Mc-Dermott, & Chun, 1997) , body parts (Downing, Jiang, Shuman, & Kanwisher, 2001) , and places, such as buildings (Epstein & Kanwisher, 1998) , whereas the remaining ventral temporal cortex generally supports the recognition of all other objects (Grill-Spector, 2003). Whether or not specialization for some of these categories is innate is still a topic of contention for those who believe that object category is an organizing principle of the ventral temporal cortex. Others contend that eccentricity maps in the ventral temporal cortex can account for category specialization . For example, stimuli that require foveal analyses for the extraction of fine-detailed information, such as faces and letter strings, activate regions of cortex that have a central (foveal) representation. Items that do not require a fine-grained analysis, such as houses, activate regions that have peripheral visual field representations. Interestingly, faces and letter strings do seem to activate similar regions (on the ventral fusiform gyrus), but in opposite hemispheres. However, this account alone would not explain differential activation to digits and Chinese characters in comparison with Roman letters, or why the anterior fusiform gyrus treats digits more like Chinese characters than like Roman letters whereas the posterior fusiform gyrus responds to both Roman letters and digits more than to Chinese characters.
Not mutually exclusive with an eccentricity account, the process map hypothesis proposes that the type of processing required for visual recognition determines which part of the ventral temporal cortex will be recruited for any given category (Gauthier & Logothetis, 2000) . For example, to recognize a face we must attend to differences among stimuli at a subordinate level. That is, we must distinguish among individual objects with similar parts in a common configuration. Other sets of stimuli that require the same type of processing should activate a similar region of the brain as do faces. Indeed, observers trained to individuate novel objects on the basis of subordinate-level information show the greatest activation in the putative face-selective area of the fusiform gyrus (Gauthier et al., 1999) . This model presupposes that there are many gradients of specialization for different dimensions of visual processing (e.g., eccentricity, complexity, local vs. global processing) that intersect in ventral temporal cortex (see also Malach et al., 2002 , for a similar claim). It further postulates that experience in consistently recognizing objects of a category will lead to the automatic recruitment for this category of parts of the cortex best suited for the specific computational requirements of the task. Letter recognition may well constitute a different task than the recognition of most other objects. Letters differ from one another on the basis of their structure, and so are generally recognized at what is termed the basic level (Rosch, Mervis, Gray, Johnson, & Boyes-Braem, 1976 ). Common objects (e.g., chairs, birds, plants) also differ in their part structures and are recognized at the basic level, in contrast to faces (and some object categories in expert subjects), which are individuated at a more subordinate level. Thus, to recognize a letter, the visual system must code basic-level differences and disregard subordinate-level differences such as orientation, font, size, and the like. An A must be recognized as an A regardless of whether it is written "A," "A," or "a," and it must also be distinguished from Note-Numbers in bold indicate ranges that overlap with the VWFA (Cohen et al., 2000) . Note-Numbers in bold indicate ranges that overlap with the VWFA (Cohen et al., 2000 . Note that no subject overlaps in all three dimensions. a P. In this sense, expert letter recognition differs from expert face recognition. But expert letter perception also differs from the recognition of common objects in many ways: Letters are seen in the context of very regular arrangements that are constant in orientation, size, and font. Perhaps because the visual system can rely on these regularities and because there is great pressure to recognize letters rapidly, the expert reader may not completely ignore this subordinate information. Instead, the visual system appears to "tune" to this information so as to take advantage of the regularity present in printed text in order to facilitate letter recognition. For instance, letters are better recognized in strings that are regular in font (Sanocki et al., 1998) . Regularity in the context of subordinate information is much rarer in common object recognition, suggesting that this "font-tuning" may be relatively specific to expertise with letters (Gauthier, Wong, Hayward, & Cheung, 2004) . Thus, there are principled reasons to believe that expertise with letters would recruit different visual areas than either faces or common objects. In addition, the functional specialization that we found for letters in expert readers cannot be explained by familiarity or by the fact that letters have names. Digits, which are also familiar (as confirmed by comparable behavioral performance) and have known names, failed to elicit a level of activity similar to that produced by Roman letters in the anterior left fusiform gyrus. Note that this specialization for single letters also cannot be explained by a phonological account, because this region does not respond more to pronounceable pseudowords than to unpronounceable letter strings. Our results generally support prior findings that letters are processed differently from digits and extend them to show that this holds true even for isolated characters. Although our more posterior ROIs activate just as strongly to digits as to letters, the most anterior fusiform ROI responded more to letters than to digits. This finding is similar to that of Flowers et al. (2004) , who found an anterior site that was letter specific and a more posterior area that responded to letters as well as to symbols. In addition, if we subtract letter activation from digit activation, we do not get reliably greater activation to digits anywhere in the brain. The brain's responses to digits and to letters may differ because our experience with letters is quite different from that with digits. For example, letters are combined into graphemes in a principled fashion, whereas every digit combination is equally acceptable. Some have argued that letters and digits are spatially and temporally clustered in our experience, so that we almost always see letters among other letters, whereas digits are seen in many contexts (e.g., alone, with letters, and with other digits; Polk & Farah, 1995) . Correlation-based learning in a neural network predicts that the two categories would be dissociated (Polk & Farah, 1998) . Other differences between letters and digits include the fact that letters as a group often become a word, invoking extensive seman-tic and phonemic processing, and that there are only nine Arabic digits whereas there are 26 Roman letters. Most of us encounter letters with greater frequency than digits. Although on the surface one would expect the visual processing of letters and that of digits to be very similar, further consideration reveals different processing demands for these two types of stimuli.
In conclusion, our interest in the neural substrates underlying perceptual expertise led us to investigate how the brain responds to visually presented letters. By contrasting f MRI activation to letters with that to digits and Chinese characters, we determined that a large portion of the left fusiform gyrus responded preferentially to Roman letters over other types of characters, whereas a smaller, more focal area in the posterior fusiform gyrus responded more to letter strings than to other character strings. Reading experience leads to a complex pattern of functional specialization in the left fusiform gyrus. Its understanding will necessitate more work involving single letters, as well as the integration of research in visual processing with research in the study of reading.
